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PART I. GAS CHROMATOGRAPHIC ANALYSIS OF SOIL ATMOSPHERES 
2 
INTRODUCTION 
Although many gas chromatographic procedures have been 
proposed for determination of gases in soil atmospheres (Smith 
and Clark, I96O; Bell, 1968; Tackett, I968; Burford, 1969; 
Burford and Bremner, 1972, 1975; Bailey and Beauchamp, 1973; 
Payne, 1973b; Smith and Dowdell, 1973; Banwart and Bremner, 
1974; Blackmer, Baker and Weeks, 197^ ; Bruening and Wullstein, 
1974; Bunting and Campbell, 1975; Ghoshal and Larsscn, 1975; 
Zimmerman and Rasmussen, 1975; Beard and Guenzi, 1976; 
Delwiche and Rolston, 1976), most permit determination of only 
a few of the gases of interest in research on soil atmospheres. 
Many of these procedures do not permit satisfactory determina­
tion of Ng and (or) O2» and only one (Burford, I969) permits 
direct determination of Ng, Og, and Ar (the three most abundant 
gases in well-aerated soils). Moreover, the methods that allow 
analysis of a single gas sample for several gases commonly 
found in soil atmospheres do not permit precise determination 
of these gases over a wide concentration range. Another dis­
advantage of these methods is that they involve use of thermal 
conductivity or helium ionization detectors, which are adverse­
ly affected by 0^  and other gases present in soil atmospheres 
and require frequent recalibration for precise analyses. 
The purpose of this paper is to describe a gas chromato­
graphic procedure that permits rapid, specific, and precise 
determination of the major constituents of soil atmospheres. 
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This procedure involves use of an ultrasonic detector, which 
has important advantages over detectors previously used for 
gas chromatographic determination of the major constituents 
of soil atmospheres. These advantages include a linear dynamic 
range greater than 10^ , predictable response to all gases with 
molecular weights below 300, hi^  stability, and no limitation 
on the choice of carrier gas (Noble, Abel and Cook, 1964; 
Grice and David, 19^ 7; Todd and Debord, 1970). A particularly 
important advantage of this detector is that, despite its high 
sensitivity (10~^  g of most gases can be detected), it is not 
adversely affected by gases found in soil atmospheres and 
does not require frequent recallbration for accurate analyses. 
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MATERIALS AND METHODS 
The gas chromatograph used is a Tracor Model I5OG instru­
ment (Tracor Inc., Austin, Texas) fitted with an ultrasonic 
detector and dual phase meters. A Westronics Model MT-22 re­
corder with dual pens and dual integrators is used for inde­
pendent recording of both sides of the detector. Figure 1 
shows a schematic diagram illustrating the sampling system 
(A), the two-column analysis system (B), and an optional 
sampling and column system (C). 
Atmospheres within any container sealed by a stopcock are 
sampled as follows: (1) the container (sample flask in Figure 
lA) is attached to the sampling system via a short piece of 
Tygon vacuum tubing; (2) the section from the closed stopcock 
on thé sample flask to the plug on the sampling valve is 
evacuated, flushed with He, and reevaluated; (3) the upper 
stopcock on the manifold is closed, and the stopcock on the 
sample flask is opened to allow gas from the flask to flow into 
the evacuated tube and sangle loop; (4) after 5 sec, the stop­
cock on the sample flask is closed and the 8-port sampling 
valve is rotated to transfer the contents of the appro­
priate sample loop to the carrier gas stream. Although the 
size of the sample loops can be readily changed, 1-ml loops 
have proven satisfactory for most analyses of soil atmospheres. 
A trap for water (Figure lA) is included in the sampling 
system by placing a short (ça. 4- cm) U-shaped segment of the 
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Figure 1. Schematic diagram illustrating sampling system (A), hot Q-cold Q 
column system (B), and optional sampling and column system (G); 
dotted lines show alternative flow routes through valves; dashed 
lines show flow for optional system 
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manifold tubing in methanol cooled by dry ice (the dry ice is 
maintained at least 3 cm below the tubing to eliminate any 
possibility of freeze-out of CO2 from the gas sample). 
Samples of soil atmospheres can also be introduced into 
the carrier gas stream by a gas-tight syringe via the injec­
tion port. Plowing gas streams can be sampled by connecting 
the gas stream to the 8-port sampling valve at the point 
labeled "PLUG" in Figure lA and by rotating the valve to in­
ject the sample into the carrier gas stream. 
In the two-column analysis system (Figure IB), gas samples 
placed in the carrier gas stream flow through the "hot Q" col-
p 
umn (50-8O mesh Porapak Q packed in stainless steel tubing 
(4.3 m, 3.2 mm OD, 2.1 mm ID) maintained at 45°C ), detector 
side A, the "cold Q" column (50-80 mesh Porapak packed in 
stainless steel tubing (7.6 m, 3*2 mm OD, 2.1 mm ID) submerged 
in a dry ice-methanol bath), detector side B, and then out of 
the instrument through the back-pressure regulator for side B. 
The flow of He carrier gas (Matheson Ultra High Purity) is 
maintained at 50 ml/min by applying this gas. at a pressure of 
4.2 kg/cm to the head of the hot Q column and by setting the 
back-pressure regulator for side B at 2.1 kg/cm . 
The two dry ice-methanol baths employed in the procedure 
described are removed at the end of each working day. The flow 
of He carrier gas through the columns is maintained overni^t. 
Provision for an optional sampling and column system is 
included by addition of 4-port valves before and after detector 
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side A (Figure IC). These valves allow the hot Q-cold Q column 
system to be placed in a standby status while detector side A 
is being used with the optional column. This optional column 
may be selected to perform analyses not possible with the hot 
Q-cold Q column system. The carrier gas supply for the op­
tional column is not shown in Figure 1. 
Calibration curves and retention times are established 
for each gas by analyzing gas standards prepared by mixing pure 
gases or by generating gases within sealed flasks (e.g., Ng 
can be generated by mixing solutions of nitrite and sulfamic 
acid). 
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RESULTS AND DISCUSSION 
The sampling system illustrated in Figure lA has important 
' advantages for studies of soil atmospheres. One is that de­
termination of the concentration (w/v) of a gas within a 
sample flask is not affected by uptake or evolution of other 
gases within the flask because a constant fraction of the 
gaseous atmosphere is sampled regardless of the pressure in 
the flask. Another is that all-glasS systems can be used for 
incubation of soils or transportation of samples of soil at­
mospheres. This eliminates the need for septa, which have a 
tendency to leak after being punctured (Smid and Beauchamp, 
1974), and for rubber closures, which can adsorb or release 
gases (Kavanagh and Postgate, 1970). Flasks fitted with glass 
stopcocks can be attached to the sampling system and sampled 
without contamination of the flask or sample with air and 
without the use of syringes, which frequently have tight-
fitting plungers that are difficult to operate satisfactorily, 
loose-fitting plungers that leak, or needles that plug easily. 
A chromatogram shoeing the response of detector side A 
after injection of a mixture of Ne, Hg. Ng, NO, Kr, COg, 
and NgO in He is illustrated in Figure 2. If O2 and Ar had 
been present in this mixture, they would have produced a single 
composite peak between the Ng and NO peaks. The Ne, Hg, N2, 
and Og + Ar peaks are top close for accurate determination of 
these gases using detector side A, except when these gases are 
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present in low concentration. However, complete resolution of 
these five gases is achieved in the cold Q column. This is 
illustrated in Figure 3. which shows the response of detector 
side B after injection of a mixture of Ne, Hg» 2^' ®2' 
Kr, COg, and KgO in He. Because a dual pen recorder is 
used, the chromatograms illustrated in Figure 2 and Figure 3 
appear on opposite sides of the same chart paper. 
The retention times of 23 gases in the hot Q and cold Q 
columns are shown in Table 1. Gases having retention times in 
the cold Q column that exceed 2 hours appear only as sli^ t 
baseline drift on detector side B unless very large amounts of 
these gases are injected. Gases retained by the cold Q column 
are released when the dry ice-methanol bath used to cool this 
column is removed at the end of each working day. 
The necessary time interval between injections is dic­
tated by the gases present in the mixture and the gases to be 
determined. Samples of most soil atmospheres can be injected 
every 6.5 min without overlapping of peaks because Hg, Ng, Og, 
Ar, NO, CH^ , COg, and NgO pass through detector side A within 
6.5 min after injection, and Ng, Og, and Ar pass throu^  detec­
tor side B within 6.5 min after a l4-min delay in the cold Q 
column. Injection every 6.5 min results in continual and si­
multaneous use of both sides of the detector. It is not neces­
sary, as with a thermal conductivity detector (Blackmer et al. , 
1974), to reverse the polarity of the recorder and delay sub­
sequent injections until the cold Q column clears because the 
two sides of the ultrasonic detector function independently. 
Figure 2. Chromât o gram showing response of detector side A 
after injection of 1 ml of He containing 0.1-0,25$ 
(v/v) of.Ne, Hg, Ng, NO, CH^, Kr, COg' and NgO 
(attenuator was set at X128) 
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Figure 3« Chromatogram showing response of detector side B 
after injection of 1 ml of He containing 0.1-0.2# 
(v/v) of Ne, Kg, Ng, Og, Ar, Kr, COg. and 
NgO (attenuator was set at X8) 
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Table 1. Retention times for 23 gases 
Column 
Gas Hot Q Cold Q< 
Neon 
Hydrogen 
Nitrogen 
Oxygen 
Argon 
Carbon monoxide 
Nitric oxide 
Methane 
Krypton 
Carbon dioxide 
Nitrous oxide 
Ethylene 
Acetylene 
Other gases^  
Retention time (min) 
1.4 
1.6 
1.8 
1.9 
1.9 
1.9 
2.0 
2.8  
3.0 
4.8 
6.1 
9.0 
9.0 
>15 
4.7 
5.3 
14.8 
17.7 
19.3 
22.4 
18.1 
L 
L 
R 
R 
R 
R 
R 
L^, retention time exceeds 2 hours; R, retained by column. 
P^hosphine, hydrogen sulfide, carbonyl sulfide, water, 
sulfur dioxide, carbon disulfide, methyl mercaptan, dimethyl 
sulfide, dimethyl disulfide, ammonia. 
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The procedure described permits detection of 3-9 ng of 
Ng, Og, Ar, CO2» NgO, or NO. Previous reports of the 
operating characteristics and performance of the ultrasonic 
detector (Grice and David, 1967; Todd and Debord, 1970) in­
dicate that a similar sensitivity can be expected for most 
gases with molecular weights <300. Our experience with thermal 
conductivity detectors and reports of their performance 
(Burford, 1969; Bailey and Beauchamp, 1973; Smith and Dowdell, 
1973; Blackmer et al., 1974) indicate that the ultrasonic 
detector has at least a 10-fold sensitivity advantage over 
thermal conductivity detectors for soil atmosphere research. 
Meaningful comparison of the sensitivities of these detectors 
is difficult because ultrasonic detectors can perform at 
maximum sensitivity without being adversely affected by gases 
found in soil atmospheres, whereas thermal conductivity de­
tectors cannot be operated at maximum sensitivity in the 
presence of or other gasss that rs^ :^ \v-:xth filaments 
vrtien these filaments are operated at the high temperatures 
necessary for maximum sensitivity. Although helium ionization 
detectors are potentially more sensitive than the ultrasonic 
detector (Hartmann and Dimick, I966), reports of studies in­
volving the use of helium ionization detectors for soil at­
mosphere research or similar applications indicate that, in 
practice, the sensitivity of helium ionization detectors is 
not significantly greater than that of the ultrasonic detector 
(Goldbaum, Domanski and Schloegel, I968; Burford and Bremner, 
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1972; Mitchell, 1973; Bruening and Wullstein, 1974). Our 
experience is that a new helium ionization detector is more 
sensitive than a new ultrasonic detector, but that this advan­
tage is rapidly lost when these detectors are used routinely 
for soil atmosphere research. 
The high precision of the procedure described is illus­
trated by the data in Table 2, which shows the results of 
replicate analyses of a mixture of Ng, O2, Ar, COg, CH^ ,^ and 
NgO prepared by injecting small amounts of and NgO into 
45 liters of laboratory air. All peaks were measured to the 
nearest 0.5^  of the recorder span. The mean standard devia­
tion of the replicate peaks for the 6 gases determined was 
0.54^  of the recorder span. 
The procedure described permits analysis of 1-ml samples 
of gas for Ng, O2» Ar, CO2, CH/^ , and NgO at concentrations 
ranging from <10 ng/ml to 100fo. The linearity of the rela­
tionship between detector response and weight of gas injected 
is illustrated in Figure 4 with CO2 used as an example. The 
wide linear range of the ultrasonic detector minimizes the 
need to adjust the sample size to the concentration of the gas 
to be determined because, as shown in Table 2, precise deter­
minations of gases in the percentage range and ppm range are 
possible with a 1-ml sample. 
The procedure described has been used extensively in our 
i 
laboratory for almost two years > and no column degeneration or 
change in detector sensitivity has been observed during this 
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Table 2. Precision of procedure described^  
Gas 
deter­
mined 1 
Concen­
tration 
v/v) 
Attenuator 
setting 
Peak heights 
(5S of recorder span) 
Range Mean SD^  
N2 77 X 4096 87.0-88.0 87.6 0.34 
°2 20 X 2048 70.0-71.0 70.3 0.37 
CH^ 2 X 128 64.0-64.5 64.5 0.13 
Ar 1 X 64 85.0-86.5 85.8 0.56 
CO2 0.03 X 32 51.0-53.5 52.4 0.85 
NgO 0.008 X 2 90.0-93.0 91.6 1.01 
Results of 15 analyses of a mixture of Ng, O2, Ar, 
COg, and NgO (sample size, 1 ml). 
be Standard deviation. 
time. Tests at intervals have shown that, unlike thermal con­
ductivity or helium ionization detectors, the ultrasonic de­
tector does not require frequent recalibration when used for 
analysis of soil atmospheres. 
Besides being more durable than previous methods for 
analysis of soil atmospheres, the procedure described has the 
advantages that it allows use of different sampling techniques, 
can be readily modified to perform additional analyses through 
use of the optional column, and permits comprehensive analysis 
of a single sample of gas without temperature programming, 
steam splitting, column conditioning, column switching, or 
Figure 4. Relationship between detector response and weight 
of CO2 injected 
RESPONSE (PEAK HEIGHT) 
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switching of recorder polarity. It has, therefore, a combina­
tion of features (simplicity, sensitivity, specificity, dura­
bility, versatility, wide linear range, etc.) recommending it 
as a basic analytical procedure for research on soil 
atmospheres. 
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SUMRIARY AND CONCLUSIONS 
A gas chromatographic procedure is described that per­
mits rapid, specific, and precise determination of Ng, Og, 
Ar, COg, CH^ ,^ NgO, and other gases in soil atmospheres. It 
involves use of an ultrasonic detector and two columns of 
p 
Porapak Q at different temperatures, and it does not require 
temperature programming, column conditioning, stream splitting, 
column switching, or switching of recorder polarity. Unlike 
thermal conductivity and helium ionization detectors previ­
ously used for gas chromatographic analysis of soil atmos­
pheres, the ultrasonic detector is not adversely affected by 
gases found in soil atmospheres and permits determination of 
these gases at concentrations ranging from <10 ng/ml to 100^ . 
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PART II. DENITRIFICATION OF NITRATE IN SOILS UNDER DIFFERENT 
ATMOSPHERES 
25 
INTRODUCTION 
Although research on denitrification in soils and other 
natural systems has been stimulated by concern about the po­
tentially adverse environmental effects of nitrate derived 
from soils and fertilizers, there is an obvious need for more 
extensive studies involving determination of the gaseous 
products of this reaction (Ng and NgO). The major experi­
mental problem in such studies is that one of the gaseous 
products of denitrification (Ng) is the major constituent of 
air. The customary method of overcoming this problem is to 
perform experiments in which the system under investigation 
is incubated in a Ng-free atmosphere, and gases of the helium 
group are commonly used to establish such atmospheres. Most 
studies of the gaseous products of denitrification of nitrate 
in soils have been performed under He or Ar atmospheres (e.g., 
Nommik, 1956; Cady and Bartholomew, I96O; Cooper and Smith, 
1963; Burford and Stefanson, 1973; Burford and Bremner, 1975). 
but He-Og and AX-O2 atmospheres have been used (e.g., Stefan-
son and Greenland, 1970; r.^ yers and McGarity, 1972; Burford and 
Stefanson, 1973)» Such studies are based on the assumption 
that the activity of denitrifying organisms is not affected by 
substitution of a He group gas for Ng. The validity of this 
assumption is open to question because work by Schreiner, 
Gregoire and Lawrie (I962) showed that gases of the He group 
can have a significant biological effect. They studied the 
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rate of growth of the fungus Neurospora crassa under atmos­
pheres of He, Ne, Ar, Kr, Xe, and Ng containing 5?^  (v/v) 
oxygen and found that it was linearly related to the square 
root of the molecular weight of the gas studied. Growth was 
about 205S faster under He than under Ng and about Tfo faster 
under Ng than under Ar. 
The purpose of this communication is to report evidence 
that denitrification of nitrate by soil microorganisms is not 
significantly affected by substitution of a He group gas for 
Ng in soil atmospheres. 
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MATERIALS AND METHODS 
The soils used (Table 3) were surface (0-15 cm) samples 
of Iowa soils that had been air-dried and crushed to pass a 
2-mm screen. The analyses reported in Table 3 were performed 
as described by Blackmer and Bremner (1977a). 
To study denitrification under different atmospheres, 
10-g samples of soils were placed in 250-ml bottles and treated 
with 6 or 20 ml water containing 5 mg N as KNO^ . The bottles 
were sealed by rubber stoppers having central holes fitted 
with glass stopcocks, and the air in each bottle was replaced 
by the appropriate gas or gas mixture as described by Blackmer 
and Bremner (1977a). The bottles were then placed in an incu­
bator at 30°C, and bottles were removed for gas and soil an­
alyses after various times. Analyses for NgO, COg and other 
gases were performed by gas chromatographic techniques similar 
to those described by Blackmer and Bremner (1976), the only 
significant difference being that the gas chromâtograph used 
was fitted with an ultrasonic detector (Tracor Inc., Austin, 
Texas) instead of a thermal conductivity detector. Nitrate-N 
was determined by the extraction-distillation method of 
Bremner and Keeney (1966), and nitrite-N was determined by a 
colorimetric procedure (Bremner, I965). The gases and gas 
mixtures used were obtained from Matheson Gas Products, 
Joliet, Illinois. All experiments reported were performed 
in triplicate. 
Tablé 3« Analyses of soils 
Soil PH 
GaCO^  
equivalent 
(^ ) 
Organic 
carbon 
(^ ) 
Total 
nitrogen 
(9S) 
Sand 
(^ ) 
Clay 
(9&) 
Nitrate-N 
(ng/g soil) 
Harpster 7.8 4.1 4.4 0.38 19 36 19 
Webster 6.8 0 3.9 0.34 34 27 7 
Luton 6.2 0 2.7 0.23 2 55 16 
Moody 5.9 0 2.3 0.22 3 33 16 
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RESULTS AND DISCUSSION 
Table 4 shows the results of analyses to compare de-
nitrification in three soils under different anaerobic atmos­
pheres, and Table 5 shows the results of analyses to compare 
denitrification in four soils under atmospheres of He, Ar and 
Ng containing 205? (v/v) oxygen. The data reported clearly 
support the assumption that denitrification of nitrate in soils 
is not significantly affected by substitution of a He group 
gas for Ng in soil atmospheres. 
Table 4. Amounts of nitrate-N, nitrite-N, NgO-N and COg-C found after incubation 
of nitrate-treated soils under different anaerobic atmospheres for 2 and 
7 days^  
Amount found (me) 
Soil Atmosphere 
Nitrate -N Nitrite-N NgO. -N COg rC 
2*) 7» 7* 2^  7" 2^  7" 
Webster Helium 4.38 3.97 0.02 <0.01 0.61 0.80 0.75 1.12 
Neon 4.40 3.96 0.02 <0.01 0.60 0.81 0.74 1.14 
Nitrogen 4.40 3.99 0.02 <0.01 0.61 0.80 0.75 1.14 
Argon 4.37 3.97 0.02 <0.01 0.60 0.81 0.75 1.14 
Krypton 4.39 4.01 0.02 <0.01 0.61 0.80 0.75 1.12 
Luton Helium 4.14 3.51 0.11 <0.01 0.72 1.16 0.97 1.75 
Nitrogen 4.14 3.51 0.12 <0.01 0.70 1.18 0.96 1.72 
Argon 4.16 3.48 0.12 <0.01 0.73 1.18 0.98 1.74 
Moody Helium 4.36 3.96 0.36 0.30 0.23 0.52 0.56 1.02 
Nitro gen 4.32 3.98 0.35 0.32 0.24 0.51 . 0.56 1.02 
Argon 4.33 3.95 0.36 0.31 0.25 0.52 0.58 1.02 
*10-g samples of soils were incubated (30°C) in sealed 250-ml bottles after 
treatment with 6 ml water containing 5 mg N as KNO^ . 
I^ncubation time (days). 
Table 5« Amounts of NgO-Ni COg-G and nitrate-N found after incubation of nitrate-
treated soils under He-02, ^ 2~®2 Ar-Og atmospheres for various times^  
Amount found (me) 
Soil Atmosphere^  
NgO-N 
0
 1 C
M 0 
0
 Nitrate-N 
(14)° 2° f 14° 2° 14° 
Harpster He-Og 0.17 0.14 0.15 0.61 1.07 1.97 4.04 
NG-OG 0.16 0.13 0.14 0.61 1.06 1.95 4.02 
Ar-Og 0.18 0.13 0.16 0.60 1.06 1.94 4.03 
Webster HE-O, 0.22 0.25 0.27 0.76 1.16 1.96 4.75 ! 
CM 0 1 0 .21 0.25 0.26 0.76 1.17 1.97 4.75 
AR-OG 0.21 0.25 0.27 0.76 1.17 1.94 4.73 
Luton He-Oo 0.30 0.32 0.32 1.00 1.77 3.10 4.39 
CM 0 1 0.30 0. 32 0.33 1.01 1.75 3.12 4.43 
AR-OG 0.29 0.31 0.32 1.02 1.75 3.09 4.41 
Moody He-O, 0.11 0.23 0.28 0.60 1.02 1.77 4.87 
CM 
0
 1 0.11 0.23 0.29 0.59 1.03 1.78 4.85 
AR-OG 0.11 0.23 0.28 0.59 1.01 1.79 4.83 
*10-g samples of soils were incubated (30°G) in sealed 250-ml bottles after 
treatment with 20 ml water containing 5 mg N as KNO^ . 
E^ach atmosphere contained 20^  (v/v) O2. 
I^ncubation time (days). 
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SUMMARY AND CONCLUSIONS 
Studies of denitrification in soils under different 
atmospheres showed that the rate of denitrification of nitrate 
by soil microorganisms is not affected by substitution of a 
He group gas for Ng in the soil atmosphere. 
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PART III. NITROGEN ISOTOPE DISCRIMINATION IN DENITRIFICATION 
OF NITRATE IN SOILS 
34 
INTRODUCTION 
Wellman, Cook and Krouse (1968) and Delwiche and Steyn 
(1970) detected significant discrimination between and 
in denitrification of nitrate by Pseudomonas stutzeri and 
Pseudomonas denitrificans. respectively. The purpose of the 
work reported here was to discover if appreciable discrimina­
tion between ^ N^ and occurs during denitrification in 
soils of nitrate containing natural levels of these isotopes. 
Information concerning the magnitude of N isotope effects 
associated with denitrification of nitrate in soils is needed 
for several reasons. One is that the use of tracer tech­
niques to study denitrification and other N transformations 
in soils is based on the assumption that significant dis­
crimination between and ^ N^ does not occur during these 
transformations. This assumption probably is valid when there 
is a large difference between the isotopic composition of the 
tracer and nontracer N, but its validity becomes questionable 
when this difference is small (Edwards, 1973; Hauck, 1973)-
A second reason for studying N isotope effects associated 
with denitrification in soils is to further evaluate the N 
isotope-ratio analysis method proposed by Kohl, Shearer and 
Commoner (1971) for assessment of the relative contributions 
of soils and fertilizers to nitrate enrichment of surface 
waters. Briefly, this method involves calculations based on 
the -^ N content of the nitrate-N in the water under study and 
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the predicted ~^ N contents of the soil-derived and fertilizer-
derived nitrate-N entering this water. It involves a variety 
of assumptions, one being that denitrification of nitrate in 
soils and surface waters is not accompanied by significant N 
isotope discrimination. The validity of these assumptions 
has been questioned (Hauck et al., 1972; Bremner and Tabatabai, 
1973; Edwards, 1973; Focht, 1973; Hauck, 1973). 
A third reason for studying N isotope discrimination 
during denitrification in soils is to assess the potential 
value of N isotope-ratio analyses of atmospheric N compounds 
for estimation of the relative contributions of soil and 
fertilizer N to N oxides in the atmosphere. Considerable 
interest in this topic has been generated by the recent hy­
pothesis (Johnston, 1972) that some of the nitrous oxide 
released from soils and oceans by denitrification of nitrate 
is converted photochemically to nitric oxide in the strato­
sphere and that the nitric oxide thus produced destroys ozone 
catalytically and thereby causes partial destruction of the 
ozone layer protecting the earth from biologically harmful 
ultraviolet radiation from the sun. This hypothesis has 
created international concern that increased use of N fer­
tilizers may promote destruction of the protective ozone 
layer by increasing the release of NgO from soils and natural 
waters and has emphasized the need for information concerning 
the sources of NgO in the atmosphere and the amounts of N2O 
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produced annually by denitrification of nitrate in soils and 
other natural systems (Council for Agricultural Science and 
Technology, 1976). Nitrogen isotope-ratio analyses have been 
used to study the origin and the mechanisms of transformations 
of several atmospheric N compounds (e.g. , Hoering, 1957; 
Koore, 197^ 1, and Galbally (1975) recently suggested that N 
isotope-ratio analyses of atmospheric nitrate be used to 
assess the relative contributions to the atmosphere of 
natural and anthropogenic sources of N oxides. 
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MATERIALS AND METHODS 
The soils used (Table 6) were surface (O-I5 cm) samples 
of three types of soils used extensively for com production 
in northcentral Iowa. Before use, each sample was air-dried 
and crushed to pass a 2-mm screen. In the analyses reported 
in Table 6, pH was determined with a glass electrode (soil; 
water ratio, 1j2.5), total N by a semimicro-KjeIdahl procedure 
(Bremner, i960) and nitrate N as described by Bremner and 
Keeney (I966). Organic C was calculated from the difference 
between total C and inorganic C determined as described by 
Allison (1965)» and CaCO^  equivalent was calculated from in­
organic C. Particle-size analysis was performed as described 
by Genrich and Bremner (1972). 
To study denitrification, 10-g samples of each soil were 
placed in 250-ml bottles and treated with 6 ml of water con­
taining 10 mg of N as KNO^  and 7*5 mg of C as glucose. (Pre­
liminary work showed that addition of 7*5 mg of C as glucose 
promoted rapid denitrification.) The bottles were sealed by 
rubber stoppers having central holes fitted with ^ ass stop­
cocks (1-mm dia bore) and were connected to a manifold system 
for replacement of air by helium. Each bottle was evacuated 
via the stopcock and filled with helium to sli^ tly above 
atmospheric pressure, and this process was repeated five times. 
Gas chromatographic analyses showed that six evacuation-
filling cycles led to establishment of helium atmospheres 
Table 6. Analyses of soils 
Soil pH 
GaGO] 
equivalent 
(^ ) 
Organic 
carbon 
(9() 
Total 
nitrogen Sand 
()S) 
G lay 
(^ ) 
Nitrate-N 
(ng/g soil) 
Nicollet 6,2 0 2.7 0.22 25 35 2 
Webster 6.8 0 3.9 0.34 34 27 . 7 
Harpater 7.8 4.1 4.4 0.38 19 36 19 
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containing only trace amounts of air. After replacement of 
air by helium, the bottles were placed in an incubator at 
30°C, and duplicate bottles were removed for analyses after 1, 
2, 3; and 5 days. The contents of duplicate bottles also were 
analyzed at zero incubation time. The atmosphere in each 
bottle was analyzed for Ng, NO, CO2 and O2 by gas 
chromatography using a Beckman GC 2A instrument fitted with 
the column system described by Blackmer, Baker and Weeks (1974) 
and with a sampling valve having a 1-ml sample loop. Gas 
samples were introduced to this instrument by attaching the 
sampling valve to the stopcock of the sample bottle, evacuat­
ing the sample loop and then opening the stopcock to admit 
gas to this loop. After removal of gas samples for analysis, 
the bottles were opened and the soil samples were analyzed 
for nitrate-N and (nitrate + nitrite)-N as described by 
Bremner and Keeney (I966), Isotope-ratio analysis of these 
forms of N was performed as described by Bremner (I965). 
The results of N isotope-ratio analyses are reported in 
terms of A^ N^, where 
1^5jj = atom ^  in sample - atom ^  in reference ^  ^q3 
atom io in reference 
When compared with a sample of reagent-grade ammonium 
sulfate found by Cheng, Bremner and Edwards (1964) to have the 
same N isotope abundance as a reference sample of atmospheric 
Ng obtained from the National Bureau of Standards (O.3663 
atom ^  ^ N^), the atom % content of the KNO^  used in our 
ihO 
work was 0.3648 (-4.1 A^ N^), and the atom contents of 
the nitrate recovered from the Harpster, Nicollet and Webster 
soils at zero incubation time were 0.3647 (-4.4 0.3648 
(-4.1 A^^ N) and 0.3650 (-3»5 A^^ N), respectively. 
To simplify interpretation of the A^^ N values reported, 
these values have been calculated using the atom ^  content 
of the nitrate N in each soil at zero incubation as the refer­
ence value. When this method is used to calculate values, 
enrichment and depletion with respect to the nitrate 
N at zero incubation time are reflected by positive and nega­
tive A^ N^ values, respectively. 
The mass spectrometer used for N isotope-ratio analysis 
was a Consolidated Electrodynamics Corporation Model 21-620 
instrument fitted with an isotope-ratio accessory and a linear 
DC electrometer amplifier. The standard deviations of the 
methods used for N isotope-ratio analysis of nitrate-N and 
(nitrate + nitrite)-N were ±0.6 A^ N^ and ±0.5 A^ N^, 
respectively. 
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RESULTS AND DISCUSSION 
Table 7 shows the amounts of different forms of N de­
tected after incubation of the nitrate-treated soils under 
helium for various times, and Table 8 shows the determined or 
calculated A^ N^ values of these forms of N. 
Evidence that the loss of nitrate-N observed resulted 
from denitrification is provided by the data in Table 7 
showing that this loss could largely be accounted for by 
analyses for various forms of N known to be produced during 
denitrification of nitrate (nitrite, NO, NgO and Ng). 
Table 8 shows that marked discrimination against ^ N^ 
occurred during reduction of nitrate to nitrite in the soils 
studied. With all three soils, the nitrate-N found after in­
cubation for 5 days was enriched 15-20 A^ N^ units with re­
spect to the nitrate-N at zero incubation time. 
Table 9 shows the kinetic fractionation factors for the 
reduction of nitrate to nitrite observed after different in­
cubation times. These factors were calculated as described 
by Tong and Yankwich (1957) from the amount and the A^ N^ of 
the nitrate-N found in each soil after various times. The 
similarity of these factors indicates that the magnitude of N 
isotope discrimination during reduction of nitrate to nitrite 
was similar in the three soils studied and that there should 
be a nonlinear relationship between the A^ N^ of the unreduced 
nitrate and the concentration of this nitrate (see Focht, 
Table 7, Amounts of different forms of nitrogen detected after incubation of 
nitrate-treated soils for various times* 
Amount of N detected (mg) 
Soil 
time 
(days) N03- NOg" NO N2O N2 Sumb 
Nicollet 0 10.0 0 0 0 <0.01 10.0 0 
1 8.7 0.6 0.002 0.6 0.1 10.0 100 
2 7.0 1.1 0.015 1.7 0.2 10.0 100 
3 6.0 1.0 0.017 2.3 0.3 9.6 90 
5 3.3 0.5 0.020 4.9 0.4 9.1 87 
Webster 0 10.0 0 0 0 <0.01 10.0 0 
1 6.6 0.8 0 0.5 0.1 10.0 100 
2 3.6 3.2 0.001 2.8 0.2 9.8 97 
3 3.0 2.4 0.002 4.0 0.2 9.6 94 
5 2.2 1.2 0.005 5.3 0.3 9.0 87 
Harpster 0 10.2 0 0 0 <0.01 10.2 0 
1 6.4 2.6 0 1.1 0.1 10.2 100 
2 4.0 0.3 0 5.4 0.4 10.1 98 
3 3.6 0 0 5.1 1.3 10.0 97 
5 3.2 0 0 4.4 2.2 9.8 94 
S^oil (10 g) treated with 6 ml water containing 10 mg N as KNOo and 7.5 mg C as 
glucose was incubated (30°C) under helium for 0, 1, 2, 3 or 5 days. 
T^otal amount of N recovered as N0^ ~, NOg"» NO, NgO and Ng. 
(^NOg" + NO + NgO + Ngl-N calculated as percent of nitrate-N lost. 
Table 8. Determined and calculated values of different forms of N detected 
after incubation of nitrate-treated soils for various times* 
value^  
Soil 
Incubation 
time Determined Calculated 
(days) (NOg" + NOg'y-N NO^ "-N NOg'-N (NgO + Ngj-N 
ND ND 
- 15(618) -18(62.5) 
+ 3(69) -22(63.6) 
+ 8(68) -15(60.9) 
+ 54(614) -15(60.3) 
ND ND 
-105(619) +10(67.3) 
+ 3(64) -17(61.6) 
+ 10(61) -18(63.0) 
+ 29(66) -14(60.8) 
ND ND 
- 5(65) -29(67.2) 
+ 53(620) - 9(60.3) 
ND - 8(60.4) 
ND - 7(60.2) 
Nicollet 
Webster 
Harpster 
0 
1 
2 
3 
5 
0 
1 
2 
3 
5 
0 
1 
2 
3 
5 
o(±o.i) 
+ 1(60.2) 
+ 5(61.1 
+ 6(i0.2 
+22(60.1 
0(60.3) 
- 1 ±0.5) 
+ 8(60.7)  
+15(11.3 
+23(60.1) 
0(60.2) 
+ 4(61,1) 
+12(61.3) 
+15(±0.9 
+15(60.6) 
0(60.1) 
+ 4(61, 
+ 5 61.3) 
+16(62.6) 
0(60.6) 
+ 9(±0.7j 
+12(+1.8) 
+19(13.2 
+20(63.3) 
0(60.7)  
+ 7(60.4) 
+10(60.1) 
+15(60.4) 
+15(60.7) 
e^e corresponding footnote in Table 7. 
A^verage, with range indicated in parentheses. Calculations of for (NgO 
+N)-N assumed no isotope effects associated with loss of N not accounted for in 
Table 7» ND indicates that N in form specified could not be detected or was 
present in only trace amounts. 
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Table 9. Kinetic fractionation factors for reduction of 
nitrate to nitrite in different soils 
Incubation 
Soil time (days) Factor 
Nicollet 2 1.012 
3 1.011 
5 1.014 
. Webster 2 1.011 
3 1.017 
5 1.012 
Harpster 2 1.011 
3 1.015 
5 1.012 
1973). This nonlinear relationship is confirmed by Figure 1, 
which shows that the most marked changes in occurred 
after more than half of the initial nitrate N had undergone 
denitrification. 
Table 8 shows that, with each soil studied, the^^^N of 
the nitrite-N produced by reduction of nitrate-N was initially 
lower, but eventually considerably higher, than that of the 
unreduced nitrate-N. This is clear evidence that significant 
N isotope discrimination occurred during reduction of nitrite 
to gaseous forms of N. 
Figure 5» Relationship between amount and A of nitrate-N found in soils 
incubated under anaerobic conditions for 1, 2, 3 and 5 days after 
treatment with nitrate and glucose (10-g samples of soils were incubated 
under helium at 30^ 0 after treatment with 6 ml of water containing 10 mg 
of N as KNO^  and 7.5 mg of C as glucose) 
-• 
A A 
4 5 
NITRATE 
• NICOLLET 
• WEBSTER 
^ HARPSTER 
I I L 
6 7 8 
N (mg/lOg soil ) 
47 
Calculations from the data in Tables 7 and 8 showed that 
the average kinetic fractionation factor for loss of (nitrate 
+ nitrite)-N after different times was 1.014 for the Harpster 
soil, 1.023 for the Webster soil and 1.022 for the Nicollet 
soil. These factors have no theoretical validity (see Tong 
and Yankwich, 1957; Rees, 1973) because they were calculated 
on the assumption that only one reaction resulting in N iso­
tope discrimination occurs during denitrification of nitrate 
in soils, and our results show that at least two reactions 
leading to N isotope fractionation occur during this process. 
They are, however, comparable to the kinetic fractionation 
factors reported by Wellman et al. (I968) and Delwiche and 
Steyn (1970) for denitrification of nitrate by species of 
Pseudomonas (1.020 and 1.017, respectively), which were also 
calculated on the assumption that only one reaction resulting 
in N isotope discrimination occurs during denitrification 
of nitrate. 
Our finding that significant N isotope fractionation 
occurs in soils during reduction of nitrite to gaseous foims 
of N (Table 8) indicates that the overall N isotope effect 
during denitrification of nitrate in soil will depend upon the 
tendency of the soil to accumulate nitrite under conditions 
that induce denitrification. Support for this conclusion is 
provided by Figure 6, which shows that the N isotope effect 
observed during denitrification of nitrate in the Nicollet or 
Webster soil was more marked than that observed during 
Figure 6, Relationship between amount and of (nitrate + nitrite)-N found 
in soils incubated under anaerobic conditions for 1, 2, 3 and 5 days 
after treatment with nitrate and glucose (10-g samples of soils were 
incubated under helium at 30^ 0 after treatment with 6 ml of water 
containing 10 mg of N as KNO^  and 7.5 mg of C as glucose) 
• A 
6 
INITRATE + NITRITE)-N 
• NICOLLET 
• WEBSTER 
^ HARPSTER 
7 8 
(mg/10 g soil ) 
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denitrification in the Harpster soil. Table 7 shows that, 
unlike the Harpster soil, the Nicollet and Webster soils 
contained substantial amounts of nitrite-N after 3 and 5 days. 
Kohl et al. (1971) observed a significant correlation 
between the and the concentration of nitrate-N in tile 
drain effluents from an Illinois cornbelt watershed and 
assumed that this correlation resulted from the presence in 
these effluents of soil-derived nitrate and fertilizer-derived 
nitrate having markedly different values (+13 and +3, 
respectively). They did not question the likelihood that the 
nitrate in the effluents analyzed had undergone partial de-
nitrification, but they assumed that significant N isotope 
fractionation does not occur during denitrification of nitrate. 
Table 8 presents clear evidence that this assumption is in­
valid and that isotope effects associated with denitrification 
of nitrate from only one source could easily account for the 
negative correlation observed by Kohl et al. (1971). The 
defects of the N isotope-ratio analysis method proposed by 
Kohl et al. (1971) for assessment of the relative amounts of 
soil-derived and fertilizer-derived nitrate in surface waters 
are emphasized by the fact that the range in A^ N^ of nitrate-N 
observed in our work as a result of N isotope effects associ­
ated with denitrification of nitrate from only one source 
(15-20 a^ -^ N units) was more than twice the range in A^ N^ of 
nitrate-N observed by Kohl et al. (1971) in their analyses of 
tile drain effluents (6-7 A^ N^ units). 
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It is noteworthy that, whereas the relationship observed 
in our work between the amount and the of nitrate under­
going denitrification in soils (Figure 5) is similar to that 
predicted by Focht (1973) from theoretical consideration of 
the effects of N isotope discrimination in a system containing 
nitrate undergoing denitrification, the relationship between 
the amount and the of (nitrate + nitrite)-N (Figure 6) 
more closely resembles that observed by Kohl et al. (1971) 
between the and the concentration of nitrate-N in tile 
drain effluents. 
Calculations reported in Table 8 show that the of 
the (Ng + NgO)-N produced by denitrification in our experi­
ments must have been markedly different from that of the 
nitrate-N from which it was derived. Because most of the 
gaseous N detected after different incubation times was in 
the form of NgO (Table 7). it follows that the of this 
NgO must have been considerably different from that of the 
nitrate undergoing denitrification. This clearly eliminates 
any possibility of using N isotope-ratio analyses to assess 
the relative contributions of soils and fertilizers to NgO 
in the atmosphere because, for this method to have potential 
value, the of the N2O released to the atmosphere by 
denitrification of nitrate in soils must reflect the A^ -^ N of 
the nitrate from which it is derived. 
In summary, the work reported shows that discrimination 
between N and during denitrification in soils of 
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nitrate containing natural levels of these isotopes is of 
sufficient magnitude to invalidate the use of N isotope-
ratio analyses for assessment of the contributions of soil 
and fertilizer N to nitrate in surface or ground waters or 
to nitrous oxide in the atmosphere. 
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SUMMARY AND CONCLUSIONS 
Nitrogen isotope discrimination during denitrification 
in soils of nitrate containing natural levels of and 
was studied by determining the amount and the ^ N^ content of 
nitrate-N and (nitrate + nitrite)-N in nitrate-treated soils 
incubated under anaerobic conditions (helium atmosphere) for 
various times after treatment with glucose to promote de­
nitrification. Analyses performed showed that the nitrate-N 
lost on incubation of these soils could largely be accounted 
for as products of denitrification (nitrite, NO, NgO and Ng). 
The studies reported show that marked discrimination 
14 1^  between N and N^ occurs during denitrification of nitrate 
in soils and that significant N isotope effects occur both in 
reduction of nitrate to nitrite and in reduction of nitrite 
to gaseous forms of N. They also indicate that the overall N 
isotope effect during denitrification of nitrate in soil will 
depend upon the tendency of the soil to accumulate nitrite 
under conditions that induce denitrification. 
It is concluded that discrimination between ^ N^ and ^ N^ 
during denitrification in soils of nitrate containing natural 
levels of these isotopes is of sufficient magnitude to in­
validate the use of N isotope-ratio analyses for assessment 
of the contributions of soil and fertilizer N to nitrate in 
surface or ground waters or to nitrous oxide in the atmosphere. 
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PART IV. POTENTIAL OF SOIL AS A SINK FOR ATMOSPHERIC 
NITROUS OXIDE 
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•INTRODUCTION 
Interest in sources and sinks of atmospheric NgO has 
been greatly stimulated by the recent hypothesis that NgO re­
leased to the atmosphere through denitrification of nitrate 
in soils and natural waters may trigger reactions in the 
stratosphere leading to partial destruction of the ozone 
layer protecting the earth from biologically harmful ultra­
violet radiation from the sun (Crutzen, 1972, 1974, 1975» 
Johnston, 1972; McElroy, 1976; McElroy et al., 1976). This 
hypothesis has created international concern that increased 
use of nitrogen fertilizers to aid food production may in­
crease release of NgO to the atmosphere by denitrification of 
fertilizer-derived nitrate in soils and natural waters and 
thereby promote destruction of stratospheric ozone (Council 
for Agricultural Science and Technology, 1976). Recent 
articles relating to this risk have stressed the need for re­
search to identify sources and sinks of atmospheric NgO and 
have drawn attention to calculations indicating that a major 
natural sink for atmospheric N2O has not been identified 
(Crutzen, 1976; Liu et al., 1976; McElroy et al., 1976; 
Pierotti and Rasmussen, 1976; Sze and Rice, 1976). 
The purpose of this communication is to report work in­
dicating that soil may be an important natural sink for at­
mospheric NgO. This work developed from a detailed study in 
our laboratory of factors affecting uptake of NgO by soils. 
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a process involving reduction of NgO to Kg soil micro­
organisms. The results of this study will be reported in 
other publications, but attention should be drawn here to our 
finding that reduction of NgO to Ng by soil microorganisms is 
inhibited by nitrate and that the capacity of soils to act as 
a source or a sink of NgO depends very largely on their 
nitrate content. Many investigations have shown that some 
microorganisms (including soil microorganisms) have the 
capacity to reduce NgO to Ng (for references, see Payne, 
1973b), but this observation has been ignored in speculation 
concerning sinks for atmospheric NgO, presumably because in­
terest has focused on assessment of the importance of soil as 
a source of atmospheric NgO. 
We report here evidence that the possibility that soil 
may be a sink as well as a source of atmospheric NgO deserves 
attention. This evidence includes demonstration that the 
capacity of soils for uptake of NgO under conditions favorable 
for denitrification of nitrate is much greater than their 
capacity for release of this gas, that NgO in soil atmospheres 
containing 20^  oxygen can reach .anaerobic sites in soils and 
be reduced at these sites, and that microorganisms in soils 
have the capacity to remove NgO from soil atmospheres until 
the concentration of this gas is much lower than the concen­
tration in air. 
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MA.TERIAIS AND METHODS 
The soils used (Table 10) were surface (0-15 cm) samples 
of cultivated Iowa soils selected to obtain a range in proper­
ties and include representatives of soils used extensively 
for agriculture. Before use, each sample was âir-dried and 
crushed to pass a 2-mm screen. The analyses reported in 
Table lO were performed as described by Blackmer and Bremner 
(1977a). 
To study uptake and release of NgO by soils, 30-g samples 
of soil were placed in 1.2 liter flasks fitted with ground-
glass joints and treated with water or with water containing 
nitrate (30 mg N as KNO^ ) or glucose (15 mg). For experiments 
involving incubation of soils under waterlogged conditions, 
the amount of water added was 6o ml. For other experiments 
reported, the amount of water added was the amount retained 
by 30 g of the soil sample against the tension exerted by a 
10-cm column of water. After addition of water, each bottle 
was sealed with a glass stopper fitted with a ground-glass 
joint and a^ss stopcock and was connected to a manifold 
system for replacement of air by the appropriate atmosphere 
(He, He containing KgO, or He containing Og and NgO). . The 
bottles were then placed in an incubator at 30°C, and their 
atmospheres were sampled at intervals for determination of 
NgO, Ng, NO, CO21 O2, and Ar by gas chromatography as 
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Table 10. Analyses of soils 
Soil PH 
Organic 
carbon 
' (2) 
Sand 
(^ ) 
Clay 
(92) 
Nitrate-
Carbonate N (iig/g 
(0)B soil) 
Harps 7.8 4.4 19 36 8.8 23 
Webster • 6.8 3.9 34 27 0 7 
Okoboji 7.6 3.6 34 29 0 6 
Nicollet 6.5 2.7 43 24 0 8 
Luton 6.2 2.6 2 55 0 16 
Marshall 5.9 2.4 2 32 0 29 
Monona 5.9 2.0 4 26 0 11 
Ida 8.2 0.9 9 23 9.5 7 
Dickinson 6.6 0.7 90 5 0 7 
Calculated as CaCO^ . 
described by Blackmer and Bremner (1977b). The solubility 
of NgO in water was taken into account in calculation of the 
amounts of NgO taken up or released by the soils studied. 
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RESULTS AND DISCUSSION 
Table 11 shows the amounts of NgO-N detected in the at­
mospheres of unamended soils incubated under helium for vari­
ous times. It can be seen that, although incubation under 
anaerobic conditions resulted in release of NgO throu^  de-
nitrification of nitrate in the soils studied, the amounts of 
NgO-N detected decreased after 4-12 hr and were ne^ igible 
after 48 hr. In other words, each of the soils studied had 
the capacity to take up all the NgO produced by denitrifica-
tion. It is noteworthy that, whereas the peak concentrations 
of NgO detected were much greater than the atmospheric concen­
tration of NgO (ça. 0.3 ppmv, equivalent to 0.013 ng NgO-N/g 
soil in Table 11), the NgO concentrations detected after 48 hr 
were much smaller than the concentration of NgO in air. 
Evidence that the capacity of soils for uptake of NgO 
under conditions favorable for denitrification of nitrate 
markedly exceeds their capacity for release of this gas is 
reported in Table 12, which shows the results of a comparison 
of the capacities of unamended and amended soils for release 
of (NgO + and uptake of N2O-N under anaerobic conditions. 
The data reported show that the capacity of unamended soils 
for uptake of NgO-N is much greater than their capacity, for 
release of (NgO + and also exceeds the capacity of 
nitrate-treated soils for release of (NgO + N2)-N. Data in 
Table 12 also illustrate our finding that soils sterilized by 
Table 11. Amounts of N2O-N detected in atmospheres of unamended soils incubated 
under helium for various times^  
Incubation time (hr) 
Soil 0 2 4 6 8 10 12 14 24 48 
NgO-N in atmosphere (lAg/g soil) • 
Harps 0 0.2 0.4 0.7 1.0 0.8 0.2 <0.1 <0.001 <0.001 
Webster 0 0.1 0.4 0.8 1.1 0.6 0.2 <0.1 0.002 <0.001 
Okoboji 0 0.1 0.4 0.3 0.2 0.1 <0.1 <0.1 <0.001 <0.001 
Nicollet 0 <0.1 0.1 0.2 0.4 0.1 <0.1 <0.1 0.001 <0.001 
Luton 0 0.4 1.4 2.6 3.7 3.0 1.4 0.2 0.001 <0.001 
Marshall 0 0.3 1.1 2.7 8.1 15.8 13.8 10.6 0.035 <0.001 
Monona 0 0.1 0.3 0.7 1.6 5.0 6.7 2.1 0.002 <0.001 
Ida 0 • <0.1 <0.1 <0.1 0.1 0.2 0.3 0.2 0.020 <0. 001 
Dickinson 0 <0.1 0.1 0.1 0.2 0.3 0.3 0.1 0.001 <0.001 
S^oil samples (30 g) were incubated (30°G; 10 cm water tension) under an­
aerobic conditions (helium atmosphere) in 1,2 liter flasks. 
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Table 12. Capacities of unamended and amended soils for up­
take of N2O-N and release of (N2O + N2)-N under 
anaerobic conditions 
N2C-N taken up in 48 
hr (gg/g soil)& 
(N2O + M2)-N released 
in 48 hr (gg/g soil)" 
Unamended 
Glucose-
treated Unamended 
Nitrate-
treated 
Soil soil soil soil soil 
Harps 390 (0) 670 (0) 23 (0) . 133 (79) 
Webster 310 493 6 (0) 69 (66) 
Okoboji 517 (0) CO H (0) 6 (0) 167 (114) 
Nicollet 360 738 5 (0) 78 (55) 
Luton 303 (0) 613 (0) 16 (0) 84 (81) 
Marshall 297 533 27 (0) 115 (108) 
Monona 193 (0) OS
 
0
 (0) 6 (0) 50 (46) 
Ida 193 427 4 (0) 39 (33) 
Dickinson 197 (0) 427 (0) 3 (0) 43 (39) 
30 g unamended or glucose-treated soil (0.5 mg glucose/ 
g soil) were incubated (30®C; 10 cm water tension; 1.2 liter 
flask) under helium containing N2O (1 mg N20-N/g soil). 
Figures in parentheses indicate amounts of N2O-N taken up in 
48 hr when soil was sterilized by autoclaving (1200C for 2 
hr) before use. 
3^0 g unamended or nitrate-treated soil (1 mg KNO^ -N/g 
soil) were incubated (30°C; 10 cm water tension; 1.2 liter 
flask) under helium. Figures in parentheses indicate amounts 
of NgO-N detected after 48 hr (|i^ g soil). 
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autoclaving exhibit no capacity for uptake of NgO and that 
uptake of MgO by soils can be increased by addition of glu­
cose and other organic substances that promote growth of 
soil microorganisms. It is noteworthy that, whereas none of 
the N detected in the atmospheres of the unamended soils after 
48 hr was in the form of NgO, this gas accounted for most of 
the N detected in the atmospheres of the nitrate-treated soils 
after 48 hr. This is explained by our finding that nitrate 
inhibits reduction of N2O to Ng by soil microorganisms. 
It should be noted that the method used to estimate up­
take of NgO-N by unamended soils in the work reported in 
Table 12 did not allow for release of NgO-N by denitrification 
of the nitrate in these soils (see Table 10). In other words, 
this.method provided a minimal estimate of the capacity of 
these soils for uptake of NgO-N. In contrast, the capacity of 
these soils for release of NgO-N was greatly overestimated by 
estimation of their capacity for release of (NgO + Ng)-^  as 
in Table 12 because most, if not all, of the N volatilized 
from unamended soils under anaerobic conditions is in the 
form of Ng. 
Evidence that waterlogged soils have the capacity to 
remove N2O fror. air is reported in Table I3, which shows the 
amounts of NgO-N detected after various times in the atmos­
pheres of waterlogged soils incubated under a mixture of 
helium (0.8 atm) and oxygen (0.2 atm) containing a small 
amount of KgO. Gas chromatographic analyses of these 
Table 13» Amounts of N2O-N detected after various times in atmospheres of water­
logged soils incubated under helium-oxygen atmospheres containing a 
small amount of NgO^ 
Incubation time (days) 
Soil 0 1 2 3 4 7 10 14 
NgO-K in atmosphere ([ig/g soil) 
Harps 17.5 16.4 13.7 12.0 • 11.1 8.4 6.6 4.7 
Webster 17.5 17.7 16.0 14.3 13.0 11.0 9.2 7.2 
Okoboji 17.5 16.3 14.8 11.9 10.4 7.0 5.3 4.0 
Nicollet 17.5 15.7 13.8 13.4 11.3 9.1 7.1 6.1 
Luton 17.5 16.2 14.3 12.8 11.4 8.7 6.5 4.6 
Marshall 17.5 20.4 17.3 16.0 13.8 9.9 7.4 4.4 
Monona 17.5 18.4 16.6 15.0 13.5 10.6 8.8 7.2 
Ida 17.5 17.4 16.2 14.5 13.9 11.9 10.4 9.0 
Dickinson 17.5 16. 3 14.9 14.2 13.3 11.3 10.1 9.5 
*8oil sample (30 g) treated with 60 ml water was incubated (30°) under 
helium-oxygen atmosphere (0.8 atm He»0.2 atm Oo) containing 0.825 mg N^ O (17.5 ng 
NgO-N/g soil).  ^
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atmospheres showed they contained at least 16^  (v/v) oxygen 
during the times specified. The data in Table 13 show that, 
although release of KgO could be detected after incubation 
of the Webster, Marshall, and Monona soils for 1 day, uptake 
of NgO was observed with all nine soils after incubation for 
1 or 2 days and continued for at least 14 days. 
Gas chromatographic analyses in the experiments reported 
in Tables 11-13 showed that uptake of NgO by soils was accom­
panied by release of Ng and that the amount of N released as 
Ng represented at least 90^  of the amount taken up as NgO. 
McElroy et al. (1976) recently reviewed current informa­
tion concerning sources and sinks of atmospheric NgO. They 
concluded that land is the primary source of this gas and 
that NgO is removed from the atmosphere by photolysis and by 
reaction with 0('D). Hahn (1974) had previously suggested 
that marine sources of N2O may be as important as land sources, 
but McElroy et al. (1976) concluded that, as suggested by 
Bates and Hays (I967), the oceans probably represent a net 
sink for atmospheric NgO rather than a source of this gas. 
Their conclusion that the oceans should act as a net sink for 
NgO was weighted by the following factors: their impression 
that the variability in atmospheric MgO at midcontinental 
stations such as Boulder, Colorado, should imply a relatively 
short lifetime for this gas ; an ex^ ination of the vertical 
profiles of NgO in seawater indicating that the oceans may be 
both sources and sinks of atmospheric NgO; and their inability 
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to suggest alternate KgO loss processes that might more 
plausibly account for the empirical data on the lifetime of 
NgO in the atmosphere. A more plausible loss process is 
suggested by the work reported here, and it is now evident 
that the potential of soil as a sink for atmospheric NgO 
must be considered in further attempts to account for the 
atmospheric NgO budget. 
The possibility that soil may be an important natural 
sink for atmospheric NgO has been ignored in recent specula­
tion concerning sources and sinks of this gas, presumably 
because numerous studies of denitrification in nitrate-
treated soils have indicated that soil is a major source of 
atmospheric NgO. Such studies are misleading in regard to 
assessment of the effects of soils on the atmospheric N2O 
budget because they reflect only the behavior of soils con­
taining unusually high levels of nitrate. The customary de-
nitrification studies involving incubation of nitrate-treated 
soils in closed systems are unsatisfactory even for assess­
ment of the potential of soils containing high levels of 
fertilizer-derived nitrate for release of N2O because they 
clearly underestimate this potential (NgO evolved from nitrate-
treated soils incubated in closed systems is reduced to Ng 
when the nitrate is denitrified). In our opinion, the only 
valid approach to assessment of the effects of soils on the 
concentration of NgO in the atmosphere is to study these 
effects under a variety of natural conditions. Such studies 
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will require development of sensitive and precise methods 
of determining NgO profiles in air above soil surfaces. 
To summarize, the work reported shows that the ability 
of soil microorganisms to reduce NgO to Ng deserves much 
greater attention in research relating to the effects of 
soils on the atmospheric concentration of KgO- It also casts 
doubt on the validity of the assumption that NgO detected in 
soil profiles escapes to the atmosphere and that the flux of 
NgO from soils to the atmosphere can be assessed from NgO 
analyses of gas samples taken at different depths in soil 
profiles. Our findings indicate that NgO produced by de-
nitrification of nitrate in subsoils may be reduced to Ng by 
soil microorganisms as it diffuses to the soil surface. 
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SUr M^ARY AND CONCLUSIONS 
Recent articles concerning the potential effect of 
nitrous oxide (NgO) on stratospheric ozone have emphasized the 
need for research to identify sources and sinks of atmos­
pheric KgO. Work reported shows that soils have a signifi­
cant capacity for uptake of NgO and may represent an important 
natural sink for atmospheric NgO. Uptake of NgO "by soils is 
a microbial process involving reduction of KgO to Ng. It is 
promoted by anaerobic conditions and by organic substances 
that promote growth of soil microorganisms, and it is retarded 
by nitrate. Studies with nine Iowa surface soils showed that 
their capacity for uptake of NgO under conditions favorable 
for denitrification of nitrate was much greater than their 
capacity for release of this gas. 
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PART V. INHIBITORY EFFECT OF NITRATE ON REDUCTION OF NgO 
TO Ng BY SOIL MICROORGANISMS 
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INTRODUCTION 
Interest in sources and sinks of atmospheric nitrous 
oxide (NgO) has been greatly stimulated by the hypothesis 
that increased use of nitrogen fertilizers to aid world food 
production will increase the amount of NgO released to the 
atmosphere by denitrification of fertilizer-derived nitrate 
in soils and natural waters and thereby promote destruction 
of the stratospheric ozone layer protecting the earth from 
biologically harmful ultraviolet radiation from the sun 
(Johnston, 1972; Council for Agricultural Science and Tech­
nology, 1976; McElroy et al., 1976; Rice and Sze, 1976; 
Crutzen and Ehhalt, 1977; Halm and Junge, 1977; Liu et al., 
1977). 
There is good reason to "believe that much of the NgO 
produced in soils by denitrification of nitrate is reduced 
to rig before it escapes to the atmosphere (Wijler and Delwiche, 
195^ ; Nommik, 1956; Cady and Bartholomew, I96O; Cooper and 
Smith, 1963; Broadbent and Clark, 1965; Council for Agricul­
tural Science and Technology, 1976). The purpose of this 
paper is to report evidence that nitrate has an inhibitory 
effect on reduction of It'gO to Ng by soil microorganisms and 
that, because of this effect, the percentage of nitrate-N 
emitted to the atmosphere as NgC when nitrate undergoes 
denitrification in soil increases very markedly with the 
concentration of nitrate. 
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Focht (1974) recently proposed a model for production 
of KgO and Bg during denitrification of nitrate in soils. 
This model was based on a review of the literature on de-
nitrification from which it was concluded that pH, aeration 
and temperature are the key factors affecting the relative 
amounts of NgO and Ng produced through microbial reduction 
of nitrate in soils. The work reported here shows that the 
concentration of nitrate has a very important effect on the 
relative amounts of NgO and Ng produced through denitrifica­
tion of nitrate in soils and that this factor must be con­
sidered in attempts to develop models for production of NgO 
and Ng by this process. 
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MATERIALS AND METHODS 
The soils used (Table 14) were surface (0-15 cm) samples 
of Iowa soils selected to obtain a range in pH, texture and 
organic-matter content. Before use each sample was air-dried 
and crushed to pass a 2-mm screen. The analyses reported in 
Table 14- were performed as described by Blackmer and Bremner 
(1977a). 
In the incubation experiments reported, 30-g samples of 
air-dry soils were placed in 1.2 liter flasks fitted with 
3V^ 5 ground-glas s joints and treated with water or with 
water containing nitrate (as KNO^ ). Each flask was then 
sealed with a glass stopper fitted with a S 3V^ 5 ground-glass 
joint and glass stopcock (1-mm dia bore) and was connected 
to a manifold system for replacement of air by He or by He 
containing NgO (Blackmer and Bremner, 1976). The flasks were 
subsequently placed in an incubator at 30°C, and their atmos­
pheres were sampled at intervals for determination of Ng and 
NgO by gas chromatography as described by Blackmer and 
Bremner (1977b). The solubility of N2O in water was taken 
into account in calculation of the amounts of NgO taken up 
or released by the soils studied. 
All incubation experiments and analyses reported were 
performed in duplicate or triplicate. 
Percent inhibition by nitrate of reduction of N2O to N2 
by soil microorganisms was calculated from [l-(A/B)] x 100, 
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Table 14. Analyses of soils 
Soil pH 
Organic 
carbon 
( g S )  
Sand Clay 
( 9 S )  
Nitrate-
Carbonate N (lag/g 
ifo) soil) 
Ida 8 . 2  0 . 9  9  2 3  9 . 5  7  
Harps 7 . 8  4 . 3  2 1  3 6  8 . 2  2 0  
Webster 6 . 8  3 . 8  3 5  2 5  0  7  
Marshall 5 . 8  2 . 4  2  3 2  0  2 9  
Monona 5 . 7  2 . 0  4  2 6  0  1 1  
where A = amount of Ng produced on exposure of nitrate-
treated soil to NgO and B = amount of N2 produced on exposure 
of control soil (no nitrate added) to NgO. It should be 
noted that the percent inhibition values obtained by this 
method must be regarded as minimal estimates of the inhibitory 
effect of nitrate because this effect will be underestimated 
if any of the Ng produced does not originate through reduction 
of NgO. 
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RESULTS AND DISCUSSION 
It is now generally accepted that production of NgO and 
Ng through microbial denitrification of nitrate in soils does 
not occur until the denitrifying microorganisms cannot obtain 
enough oxygen to meet their requirements (see Broad bent and 
Clark, 1965; Focht, 1974). Tests showed that this holds for 
the microorganisms responsible for the ability of soils to re­
duce N2O to N2. No reduction of N2O to N2 could be detected 
when 30-g samples of the soils studied were incubated (30°C; 
9 ml water) for 3 days in He (80^  v/v)-02 {2.0% v/v) atmos­
pheres containing N2O (1 mg N20-N/g soil). Evidence that 
microorganisms were responsible for the reduction of NgO ob­
served when these soils were exposed to NgO under anaerobic 
conditions was obtained from experiments showing that no re­
duction of N2O to N2 occurred when 30-g samples of soils 
sterilized by autoclaving at 120°C for 2 hr were incubated 
(30°C; 9 nl water) for 3 days under He containing N2O (1 mg 
N2O-N/& soil). 
Table 15 shows the effects of hi^ i concentrations of 
nitrate on reduction of N2O to N2 by soil microorganisms, and 
Table 16 shows the effects of low concentrations of nitrate 
on this process. It is evident from the data reported that 
nitrate has an inhibitory effect on reduction of NgO by soil 
microorganisms and that this effect increases with increase in 
nitrate concentration and with decrease in soil pH. These 
74 
Table 15- Effects of hi^  concentrations of nitrate on 
amounts of Ng produced on exposure of soils to 
NgO under anaerobic conditions^  
Nitrate-
N added 
(ng/g soil) 
Amount of Ng produced (|ig/g soil) 
Soil 2 days 7 days 14 days 21 days 
Harps 0 467 827 937 ND^  
50 325 666 909 ND 
100 185 498 724 ND 
500 73 214 344 ND 
2000 3 59 260 ND 
Webster 0 273 464 631 774 
• 50 117 313 488 605 
100 44 174 330 513 
500 2 31 74 109 
2000 0 3 7 13 
3^0-g samples of soil treated with different amounts of 
nitrate-N as KNOo were incubated (30®C; 18 ml water; 1.2 
liter flask) for various times under He containing NoO (1 mg 
NgO-N/g soil). 
N^D, not determined. 
observations account for the finding in previous work that 
accumulation of NgO during denitrification of nitrate in 
soils incubated in closed systems is favored by high nitrate 
concentration and by low pH (for discussions of this work, 
see Broadbent and Clark, 1965; Focht, 1974; Council for 
Table 16. Effects of low concentrations of nitrate on amounts of N2 produced on 
exposure of soils to N2O under anaerobic conditions 
Initial 
nitrate-N  ^
concen- Inhibition of NgO reduction by nitrate (#) 
tration 
Soil PH (|ig/g soil) 1 hr 2 hr 3 hr 4 hr 5 hr 6 hr 
Ida 8.2 0 
10 
20 
(3.9) (8.3) 
11 
33 
(13.1) 
8 
32 
(16.9) 
7 
28 
(21.1) 
6 
24 
(24.3) 
4 
17 
Harps 7.8 0 
1 
J 
(5.3) 
49 
(12.0) 
19 
38 
(19.3) 
13 
27 
(25.3) 
10 
24 
(33.2) 
7 
22 
(39.3) 
3 
18 
Webster 6.8 0 
10 
20 
(4.8) 
60 
76 
(7.9) 
59 
75 
(11.4) 
7^ 
(14.6) 
52 
64 
(17.3) 
42. 
60 
(20.3) 
It 
Marshall 5.8 0 
10 
20 
(4.3) 
72 
88 
(9.8) 
67 
80 
(16.0) 
48 
74 
(21.7) 
32 
71 
(26.7) 
26 
69 
(31.8) 
22 
68 
Monona 5.7 0 
10 
20 
(6.0) 
88 
95 
(14.3) 
88 
94 
(21.6) 
78 
94 
(28.0) 
57 
92 
(3^ .0) 
88 
(41.3) 
31 
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Soil samples (30 g) were placed in 1.2 liter flasks, treated with 10 ml water 
and preincubated under He for 12 hr to remove endogenous nitrate. They were then 
treated with 8 ml water containing 0, 300 or 600 \xe as KNOq and incubated for vari­
ous times under He containing NgO (1 mg NgO-N/g soil).  ^
F^igures in parentheses indicate amount of NgO-N (jig/g soil) reduced to Ng. 
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Agricultural Science and Technology, 1976). 
Wijler and Delwiche (195^ ) found that, when nitrate-
treated soils were incubated in closed systems under anaerobic 
conditions, the ratio of NgO to N2 in the gases evolved in­
creased markedly with decrease in soil pH (see also Nommik, 
1956). They concluded that reduction of N2O to Ng by soil 
microorganisms is strongly inhibited at pH values below 7, and 
this conclusion is frequently cited in discussions of factors 
affecting production of NgO and N2 through denitrification of 
nitrate in soils. However, Table 16 shows that, after removal 
of endogenous nitrate, the two acidic soils used in our work 
(Marshall and Monona) reduced NgO as rapidly as did the 
neutral (Webster) or calcareous soils (Harps and Ida), and 
it is evident from the data in Table 16 that the explanation 
of the high ratio of NgO to N2 in the gaseous products of 
denitrification of nitrate in acidic soils is that the in­
hibitory effect of nitrate on reduction of N2O to N2 by soil 
microorganisms increases markedly with decrease in soil pH. 
In other words, the high ratio observed with acidic soils is 
not due to low pH, but to the effect of nitrate at low pH. 
Our finding that NgO is readily reduced to Ng by microorganisms 
in nitrate-free acidic soils is consistent with Matsubara and 
Mori's (1968) finding that reduction of NgO by Pseudomonas 
denitrificans was not appreciably inhibited by acidic 
conditions. 
Table 17 shows the results of a study of the effect of 
Table 1?. Effect of nitrate concentration on the amounts of No produced by de-
nitrification of nitrate in soils^  
Initial nitrate-
 ^ Amount of N2-N produced (|ig/g soil)^  
Soil Added Total 12 hr 24 hr 48 hr 
Harps 
Webster 
0 20 20(0 )[0] 20(0)[0] 20(0)[0] 
50 70 16(16)[38] 69(0)[1] 70(0 )[0] 
100 120 13(21 )[86] 61(32 )[27] 120(0 )[0] 
200 220 9(23)[188] 46(44 )[130] 120(10 )[90] 
500 520 5(26)[489] 20(66 )[434] 81(50)[389] 
1000 1020 3(28)[989] 13(67)[94oi 46(82)[892] 
0 7 7(0)[0] 7(0)[0] 7(0 )[ 0] 
50 57 4(19)[34] 25(28)[4] 56(0)[1] 
100 107 1(22)[84] 12(40)[55] 49(25)[33] 
200 207 1(23)[183] 5(46 )[ 156] 30(64)[131] 
500 507 <1(22 )[ 48 5] l(46)[46o] 7(64)[436] 
1000 1007 <1(19)[988] <1(42)[965] 1(64 )[ 942] 
Soil sampler/ (30 g) were placed in 1.2 liter flasks, treated with 18 ml 
water containing 0, 1,5, 3.0, 6.0, 15.O or 30.0 mg N as KNOo and incubated (30°C) 
under He for various times,  ^
F^igures in parentheses indicate amount of NgO-N detected (^ jig/g soil). 
Figures in brackets indicate residual nitrate-N (ng/g soil) calculated from dif­
ference between initial nitrate-N and N released as Ng and NgO. 
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nitrate concentration on the amounts of N2 produced by de-
nitrification of nitrate in soils. To facilitate interpreta­
tion of these results, the amounts of NgO and nitrate detected 
after various times are included. The data reported show 
that, when nitrate undergoes denitrification in soils, the 
ratio of NgO to N2 in the gaseous products of denitrifica­
tion increases markedly with the concentration of nitrate. 
This observation is in harmony with our finding that the in­
hibitory effect of nitrate on reduction of NgO to Ng by soil 
microorganisms increases with the concentration of nitrate. 
It clearly invalidates the kinetic model proposed by Focht 
(1974) for production of N2O and N2 by denitrification of 
nitrate in soils because this model is based on the assumption 
that the ratio of NgO to Ng in the gaseous products of de­
nitrification is not affected by the nitrate concentration. 
It has been known for a long time that high concentra­
tions of nitrate in culture media of denitrifying microor­
ganisms favor à high percentage of NgO in the gaseous products 
of denitrification (see Sacks and Barker, 1952). It is sur­
prising, therefore, that the inhibitory effect of nitrate on 
reduction of N2O has not been recognized in previous work, 
particularly since numerous studies of the inhibitory effects 
of other substances on N2O reduction have been reported (e.g., 
Allen and van Niel, 1952; Sacks and Barker, 1952; Matsubara 
and K!ori, I968; Matsubara and Iwasaki, 1971; Balderston et al., 
1976; Yoshinari and Knowles, 1976; Yoshinari et al., 1977). 
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and Payne and Riley (I969) have demonstrated that nitrate 
suppresses enzymatic reduction of NO, which has been suggested 
as an intermediate in reduction of nitrate to NgO by denitri­
fying microorganisms (see Cady and Bartholomew, 196O; Cooper 
and Smith, 19^ 3; Payne, 1973a; Delwiche and Bryan, 1976). 
However, research to investigate the possibility that nitrate 
may have an inhibitory effect on microbial reduction of NgO 
to Ng may have been discouraged by other work by Payne and 
Riley (I969) showing that nitrate did not inhibit reduction 
of NgO to Ng by cell-free extracts of Pseudomonas perfecto-
marinus. 
Whether NgO is an obligatory intermediate in microbial 
reduction of nitrate to Ng has been the subject of consider­
able debate (see Allen and van Niel, 1952; Matsubara and 
Mori, 1968; Payne, 1973; Focht, 1974; Delwiche and Bryan, 
1976). The observations most frequently cited as evidence 
that NgO is not an obligatory precursor of Ng are those of 
Sacks and Barker (1952) and Delwiche (1959)* These workers 
found that, when cells of P. denitrificans adapted for nitrate 
reduction were exposed to NgO, there was a lag period before 
this gas was reduced to Ng. This lag period has been inter­
preted as evidence that ^ 2^^  is not an obligatory intermediate 
in reduction of nitrate to Ng by denitrifying microorganisms 
because it suggests that microorganisms adapted for nitrate 
reduction are not simultaneously adapted for reduction of 
NgO. However, the work reported here suggests that the lag 
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period detected in these studies may have been due to nitrate 
inhibition of NgO reduction rather than to lack of the enzymes 
required for this reduction. Moreover, simultaneous adapta­
tion of microbial cells for nitrate and NgO reduction has 
been observed with Pseudomonas stutzeri (Allen and van Niel, 
1952)1 P. denitrificans (Matsubara and Mori, I968), P. 
•perfectomarinus (Payne and Riley, 19^ 9) and Alcali gene s 
faecalis (Matsubara and Iwasaki, 1971)» and recent ^^ N-tracer 
work by St. John and Hollocher (1977) has provided good 
evidence that NgO is an obligatory intermediate in reduction 
of nitrate to Ng by Pseudomonas aeruginosa. Also, recent 
work involving use of acetylene to inhibit reduction of NgO 
by soil microorganisms suggests that NgO is an obligatory 
precursor of the Ng produced by denitrification of soils 
(Yoshinari et al., 1977). 
If NgO is an obligatory intermediate in reduction of 
nitrate to Ng by soil microorganisms, a recent estimate of the 
average ratio of NgO to N2 in the gases evolved from soils 
throu^  denitrification of nitrate (Council for Agricultural 
Science and Technology, 1976) indicates that about of the 
NgO produced by denitrification of nitrate in soils is reduced 
to Ng before it escapes to the atmosphere. If this estimate 
is valid, then it is evident that much greater attention must 
be given to factors inhibiting reduction of NgO to Ng by soil 
microorganisms because a relatively small inhibition of this 
reduction could lead to a large increase in the amount of NgO 
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emitted to the atmosphere. For example, a 10^  inhibition of 
NgO reduction could lead to a 1^ 7# increase in the amount 
of NgO emitted. The work reported here indicates that the 
inhibitory effect of nitrate on NgO reduction by soil micro­
organisms is very significant in regard to NgO emissions from 
soils and is particularly important with acidic soils. It 
also shows that recent estimates of the potential impact of 
increased nitrogen fertilization of soils on stratospheric 
ozone (e.g.. Council for Agricultural Science and Technology, 
1976; Rice and Sze, 1976; Hahn and Junge, 1977; Liu et al., 
1977; McElroy et al., 1977) must be treated with considerable 
reserve because they are based on the assumption that the 
total amount of KgC emitted annually from soils to the atmos­
phere through denitrification of nitrate will increase 
linearly with the amount of fertilizer N denitrified. It is 
evident from Table 17 that this assungjtion is invalid and 
that calculations based on this assumption may greatly under­
estimate the potential impact of increased nitrogen fertiliza­
tion on stratospheric ozone. It should be noted, however, 
that some of these calculations are also based on the assump­
tion that the average ratio of NgO to N2 in the gases evolved 
from soils through denitrification of nitrate is similar to 
the ratio observed in laboratory studies of denitrification 
in soils treated with large amounts of nitrate. The work re­
ported here shows that the ratio of N2O to N2 observed in such 
studies is much higher than the ratio observed using nitrate 
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concentrations similar to those encountered under field con­
ditions and that calculations "based on this hi^  ratio may 
greatly overestimate the amount of N2O emitted annually from 
soils to the atmosphere through denitrification of nitrate. 
It also shows that, even if increased nitrogen fertilization 
of soils does not lead to a significant increase in the amount 
of nitrogen volatilized from soils as NgO and Ng through de-
nitrification of nitrate, it may cause a substantial increase 
in the ratio of NgO to N2 and thereby pose a threat to the 
ozone layer. 
Garcia (1974, 1975) recently proposed that the denitrify­
ing activity of soil be assessed by a method involving gas 
chromatographic determination of the amount of NgO reduced 
when the soil sample is incubated at 37°C for several hours 
under He containing NgO (see also Todd and Nuner, 1973). This 
method has the attraction that it is simpler and more rapid 
than methods previously proposed, but the work reported here 
indicates that it will underestimate the denitrifying activity 
of soils containing significant amounts of nitrate, particu­
larly if these soils are acidic. 
Recent work in our laboratory (Blackmer and Bremner, 
1976) showed that the capacity of soils for reduction of NgO 
to Kg under conditions conducive to denitrification of nitrate 
is considerably greater than their capacity to evolve NgO 
under the same conditions after treatment with nitrate. This 
suggested that the potential of soil as a sink for atmospheric 
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NgO deserves attention, and recent work by Brice et al. 
(1977) has supported this conclusion. They detected a regular 
diurnal variation in the atmospheric concentration of NgO and 
deduced from this variation that there is an important ground 
surface sink for atmospheric N2O. However, their estimate of 
the magnitude of this sink is considerably greater than cur­
rent estimates of NgO emissions from soils and natural waters 
(the major recognized sources of atmospheric N2O), and it 
seems unlikely that soils represent a sink of such magnitude. 
Indeed, all indications from laboratory investigations are 
that soils are more likely to act as sources than as sinks of 
atmospheric NgO. However, it is obvious from the work re­
ported here that factors affecting the ability of soil micro­
organisms to act as a sink for NgO by reducing this gas to 
Ng deserve much greater attention in research relating to the 
potential threat of NgO emissions to the ozone layer because 
this work leaves no doubt that emissions of NgO from soils 
through denitrification of nitrate are greatly affected by 
such factors. 
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SUMMARY AND CONCLUSIONS 
The ability of soils to reduce NgO to Ng depends very 
largely on their nitrate content. Low concentrations of 
nitrate delay reduction of NgO to Ng by soil microorganisms, 
and high concentrations of nitrate almost completely inhibit 
this process. The inhibitory effect of nitrate on NgO reduc­
tion increases markedly with decrease in soil pH. These ob­
servations account for the finding in previous work that 
accumulation of NgO during denitrification of nitrate in 
soils incubated in closed systems is favored by high nitrate 
concentration and by low pH. They also indicate that, even if 
increased nitrogen fertilization of soils does not lead to a 
significant increase in the amount of nitrogen volatilized 
from soils as Ng and NgO through denitrifi cation of nitrate, 
it may cause a substantial increase in the ratio of NgO to 
Ng and thereby pose a threat to the stratospheric ozone layer. 
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PART VI. EMISSION OF NITROUS OXIDE FROM SOILS DURING 
NITRIFICATION OF FERTILIZER NITROGEN 
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INTRODUCTION 
Recent literature reflects international concern that 
increased use of fertilizer N to aid world food production 
may pose a threat to the stratospheric ozone layer (Council 
for Agricultural-Science and Technology, 1976; Crutzen, 1976; 
Liu et al., 1976; McElroy et al., 1976; Sze and Rice, 1976; 
Johnston, 1977; McElroy et al., 1977; Shapley, 1977). This 
concern stems from the hypothesis that nitrous oxide (NgO) 
released to the atmosphere through denitrification of fer­
tilizer-derived nitrate in soils may trigger reactions in the 
stratosphere leading to partial destruction of the ozone 
layer (Crutzen, 1970, 1971, 1974, 1975. 1976; Johnston, 1971, 
1972; McElroy and McConnell, 1971; McElroy, 1976). 
Most of the fertilizer N now added to soils is in the 
form of ammonium or of urea, which is rapidly hydrolyzed by 
soil urease with formation of ammonium carbonate. This N is 
not susceptible to denitrification until it is nitrified; 
i.e., oxidized to nitrite or nitrate by soil microorganisms. 
Although there is evidence that heterotrophic microorganisms 
may contribute to nitrification of ammonium in soils (Eylar 
and Schmidt, 1959; Ilirsch et al. , 1961; Doxtader and Alexan­
der, 1966; Etinger-Tulczynska, 1969; Verstraete and Alexan­
der, 1973; Ishaque and Cornfield, 1976; Tate, 1977), it is 
generally believed that autotrophic bacteria (species of 
Nitrosomonas and Nitrobacter) are largely responsible for 
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nitrification in soils and other natural ecosystems (Alexander, 
I96I; Painter, 1970). Nitrosomonas sp. oxidize ammonium to 
nitrite, and Nitrobacter sp. oxidize nitrite to nitrate. 
There is abundant evidence that NgO is released from 
soils through denitrification of nitrate under anaerobic con­
ditions. We report here evidence that this gas also is re­
leased from soils during nitrification of ammonium under 
aerobic conditions. 
The possibility that NgO may be released to the atmos­
phere during nitrification of fertilizer N was studied because 
several workers have detected formation of small amounts of 
N2O during oxidation of ammonium by intact cells or cell-free 
extracts of Nitrosomonas europaea under certain conditions 
(Hooper, I968; Yoshida and Alexander, 1970, 1971; Ritchie and 
Nicholas, 1972). To investigate this possibility, we studied 
release of N2O from soils incubated under aerobic conditions 
after treatment with different forms of fertilizer N. 
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ECATERIALS AND 11ETH0DS 
The soils used were surface (O-3O cm) samples of Iowa 
soils used for corn and soybean production. They were 
sieved (2-nmi screen) in the field-moist condition, and samples 
of the screened soils containing 30 g of oven-dry material 
were incubated at 30°C for various times after treatment with 
different forms of N and sufficient water to "bring their water 
content to ça. 60% of the water-holding capacity. Incubations 
were performed in 1.2-liter bottles sealed with glass stoppers 
fitted with a ground-glass joint and glass stopcock. The at­
mospheres in the bottles were sampled at 2-day intervals for 
determination of NgO and Og by gas chromatography (Blackmer 
and Bremner, 1977b), and the bottles were aerated for a few 
minutes immediately after these determinations. The Og de­
terminations showed that the atmospheres analyzed always con­
tained at least Z0% (v/v) Og. 
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RESULTS AND DISCUSSION 
Table 18 shows that the amounts of NgO released from 
well-aerated soils treated with ammonium sulfate or urea were 
much greater than the amounts released from soils treated with 
nitrate. It is noteworthy that, whereas the amounts of NgO 
released from soils treated with ammonium sulfate or urea in­
creased with the amount of ammonium N or urea N added, the 
amounts of NgO released from nitrate-treated soils did not 
increase significantly with the amount of nitrate N added 
and were not appreciably different from the amounts released 
from unamended soils. This indicates that very little, if 
any, of the NgO released from the soils treated with ammonium 
sulfate or urea was produced through dehitrification of 
nitrate. Evidence that the observed emissions of NgO re­
sulted from microbial activity was obtained from experiments 
showing that no release of N2O could be detected when soils 
sterilized by autoclaving at 120°C for 2 hours were incubated 
under aerobic conditions at 30°C after treatment with N as 
ammonium sulfate or urea (100 fig N/g soil). 
The deduction from Table 18 that NgO is produced during 
nitrification of ammonium N or urea N in soils under aerobic 
conditions is supported by our finding (Table 19) that nitra-
pyrin [2-chloro-6-(trichloromethyl) pyridine] greatly reduces 
emission of NgO from well-aerated soils treated with ammonium 
sulfate or urea. The effect of nitrapyrin was studied because 
Table 18. Amounts of NgO released from well-aerated soils treated with different 
forms of nitrogen^  
Soil' 
N added 
Form a 
Amount 
(ag/g soil) 
KgO-N released (ng/g soil) 
4 days 8 days 16 days 30 days PC' KH' 
Harps None 0 1 2 4 5 - 0.003 
Ammonium 25 18 20 23 26 0.10 0.015 
Urea 25 25 28 30 32 0.13 0.018 
Nitrate 25 2 3 4 5 0.02 0.003 
Ammonium 50 50 52 55 58 0.12 0.032 
Urea 50 54 58 61 64 0.13 0.036 
Nitrate 50 3 4 5 5 0.01 0.003 
Ammonium 100 135 146 150 lU 0.15 0.086 Urea 100 113 118 121 0.12 0.069 
Nitrate 100 3 4 5 7 0.01 0.004 
Ammonium 200 223 239 244 246 0.12 0.138 
Urea 200 266 280 284 286 0.14 0.160 
Nitrate 200 3 4 6 7 <0.01 0.004 
Ammonium 300 336 406 412 416 0.14 0.233 
Urea 300 387 499 507 511 0.17 0.286 
Nitrate 300 3 4 7 8 <0.01 0.004 
Ammonium 400 421 1230 1740 1800 0.45 1.010 
Urea 400 556 1390 1670 1700 0.43 0.950 
Nitrate 400 5 6 14 15 <0.01 0. 008 
Webster None 
Ammonium 
Urea 
Nitrate 
0 3 6 9 11 - 0.006 
100 12 21 35 43 0.04 0.024 
100 25 42 49 55 0.06 0.031 
100 3 6 11 16 0.02 0.009 
Spartâ None 0 2 4 7 14 — 0.008 
Ammonium 100 4 16 25 36 0.04 0.020 
Urea 100 10 19 33 50 0.05 0.028 
Nitrate 100 3 5 7 14 0.01 0.008 
A^mmonium N was added as Nitrate N was added as KNO^ . 
T^he Harps soil (pH 7.8) contained k.kfo organic C and 33 ng nitrate N/g soil. 
The Webster soil (pH 6.8) contained 3'9# organic C and 7 ug nitrate N/g soil. The 
Sparta soil (pH 5«4) contained 0.7# organic C and 7 |ig nitrate N/g soil. 
°Amount of N evolved as NgO in 30 days calculated as percent of N added. 
A^mount of N evolved as NgO in 30 days expressed as kg N/hectare of soil. 
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Table 19. Effect of nitrapyrin on release of NgO from 
samples of Harps soil incubated under aerobic 
conditions after treatment with different forms 
of nitrogen^  
Form of N Nitrar 
Amount of NgO-N released (n^ g soil) 
added - pyrin" 2 days 6 days 10 days 20 days 
None - 1 2 3 4 
None -1. 1 2 3 4 
Ammonium - 62 144 147 148 
Ammonium + 4 7 8 10 
Urea - 73 117 119 122 
Urea + 1 2 3 4 
Nitrate - 3 4 5 6 
Nitrate + 1 2 3 4 
was added at rate of 100 ug/g soil [ammonium N as 
nitrate N as KNO^ ]. 
A^dded at rate of 8 ug/g soil. 
this compound inhibits oxidation of ammonium to nitrite by 
N. europaea (Shattuck and Alexander, 19^ 3) and greatly re­
tards nitrification of ammonium N and urea N in soils (Goring, 
19623., b; Bundy and Bremner, 1973). 
It seems very unlikely that formation of NgO during 
nitrification of fertilizer N is of any practical signifi­
cance in regard to loss of fertilizer N because Table 18 shows 
that the amounts of N released as NgO in 30 days from soils 
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treated with ammonium sulfate or urea represented only 0.04-
0.45JÎ of the N added. However, the work reported indicates 
that emission of NgO from soils during nitrification of 
fertilizer N may be significant in relation to the potential 
threat of fertilizer-derived NgO to the stratospheric ozone 
layer. This is evident from Table 18, which shows that, when 
expressed as kg N/hectare of soil, the amount of N released 
as NgO in 30 days from soil samples treated with 300 or 400 lag 
of ammonium or urea N/g soil were comparable to estimates in 
a recent CAST report (Council for Agricultural Science and 
Technology, 1976) of the amounts of NgO-N released annually 
from soils to the atmosphere. Calculations in the CAST re­
port cited suggest that the average fluxes of NgO-N from 
cropped and uncropped land are about 1.0 kg/hectare/year and 
0.2 kg/hectare/year, respectively. These fluxes are similar 
to those calculated by Focht et al. (1975) from studies to 
assess release of KgO-N from soils in California (0.5-1.0 kg 
NgO-iyhectare/year ). 
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SUMMARY AND CONCLUSIONS 
Nitrous oxide is released from soils to the atmosphere 
during nitrification of ammonium and ammoniurn-producing 
fertilizers under aerobic conditions as well as by denitrifi-
cation of nitrate under anaerobic conditions. Emissions of 
nitrous oxide during nitrification of fertilizer nitrogen may 
be significant in regard to the potential threat of fertilizer-
derived nitrous oxide to the stratospheric ozone layer. They 
can be greatly reduced through use of nitrapyrin to inhibit 
nitrification of ammonium by soil microorganisms. 
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